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ABSTRACT 

Carbon  nanotubes  (CNTs)  have  outstanding  photoresponse  in  the  IR  range.  Their  unique  one-dimensional  electronic  configuration,  special 
band  structure  and  novel  electron/phonon  transport  properties  project  a  promisingly  high  detectivity  D*  for  IR  detection.  Our  recent  work 
on  individual  multiwall  CNT  nanoholometers  has  made  exciting  progress  towards  this  with  high  D*  up  to  3.2x109  cm?Hzl/2/W  achieved  at 
room  temperature.  In  addition,  the  nanofabrication  approach  developed  in  our  laboratory  on  suspended  CNT  thin  film  IR  detectors  allows  a 
controllable  thermal  link  and  hence  optimized  detector  performance  in  CNT  thin  film  IR  detector  arrays.  The  proposed  research  intends  to 
address  several  critical  issues  in  further  development  of  the  individual  and  thin  film  CNT  IR  detectors.  On  the  former,  our  focus  will  be  on 
investigating  charge/phonon  transport  and  opto-electro  properties  at  microscopic  scales.  On  the  latter,  we  intend  to  understand  so  as  to 
engineer  the  inter-tube  electron/phonon  transport  to  approach  or  exceed  the  intra-tube  limit.  Nanofabrication  schemes  for  scale-up  the  CNT 
IR  detectors  for  IR  imaging  will  also  be  explored.  The  overall  goal  of  this  project  is  to  achieve  a  thorough  understanding  of  the  basic 
physics  so  as  to  achieve  uncooled  CNT  IR  detectors  with  high  sensitivity,  light  weight,  and  low  cost. 
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Fundamental  investigations  into  the  infrared  properties  of  carbon  nanotubes 
Final  Report  (ARO  W91 1 NF-09-1-0295) 

August  1,  2009-  October  31,  2012 
PI  Name:  Judy  Wu 

PI  Address:  Department  of  Physics  and  Astronomy,  University  of  Kansas,  Lawrence,  KS  66045 
PI  phone:  (785)  864-3240,  PI  fax:  (785)  864-5262;  PI  email:  jwu@ku.edu 

This  is  the  final  report  of  the  ARO  W91  INF-09-1 -0295  grant,  which  is  three-year  mainly  supporting  one  postdoc-Dr.  Rongtao  Lu 
on  experimental  studies  of  carbon  nanotube  (CNT)  infrared  (IR)  detectors  at  the  University  of  Kansas  (KU).  The  original  period 
covered  by  the  grant  is  August  1 , 2009-  July  31 , 2012.  A  three-month  no  cost  extension  was  requested/approved  to  cover  the 
gap  between  this  grant  and  the  renewal  grant  of  this  project.  The  central  focus  of  the  proposed  research  is  to  achieve  a 
thorough  understanding  of  the  basic  physics  that  governs  the  IR  response  in  individual  and  thin  film  CNTs.  The  ultimate  goal  is 
to  develop  uncooled  CNT  IR  detector  arrays  on  Si  with  high  sensitivity,  light  weight,  and  low  cost  that  meets  the  US  Army’s 
updated  requirements  for  anti-terrorist  attacks  and  homeland  security. 

The  focus  of  the  project  is  to  achieve  a  thorough  understanding  of  the  basic  physics  that  governs  the  IR  response  in  individual 
and  thin  film  CNTs  in  order  to  enhance  the  performance  of  CNT  IR  detectors.  The  major  achievements  include:  1)  designed  an 
unique  configuration  of  individual  MWCNT  IR  detector  with  asymmetric  Schottky  electrodes  to  facilitate  photocurrent 
generation/collection  from  all  inner  CNT  shells  and  demonstrated  outstanding  D*  in  exceeding  109  cm<j,Hz1/2/W,  three  orders 
of  magnitude  higher  than  previously  reported  on  CNT  based  IR  detectors;  2)  developed  novel  MWCNT  film  IR  detector  and 
obtained  the  best  so  far  D*~3x106  cm^Flzl/2/W  on  CNT  films  and  also  systematically  explored  the  noise  property  and  provided 
more  information  on  optimizing  the  device  performances;  3)  developed  scalable  microfab  procedure  for  suspending  SWCNT 
film  IR  bolometer  with  improved  D*  by  an  order  of  magnitude  as  compared  with  the  unsuspended  one;  4)  tested  the  idea  of 
using  graphene  flakes  to  modify  the  inter-tube  junction  in  CNT  film  and  achieved  a  factor  of  5-10  improvement  in  D*;  5) 
explored  P3FIT  passivated  s-SWCNT  (not  in  the  original  proposal)  for  effective  exciton  dissociation  and  demonstrated  higher  D* 
in  exceeding  D*~108  cm^Hzl/2/W;  and  6)  explored  (not  in  the  original  proposal)  graphene-based  photodetectors  by  using 
plasmonic/photonic,  and  nanowire  hybrid  nanostructures.  The  details  will  be  discussed  in  the  final  report  of  this  project  and  23 
manuscripts  (19  published/accepted,  2  submitted  and  2  preprints).  In  addition,  3  patent  applications  have  been  submitted.  This 
project  also  provides  unique  education  at  various  levels.  The  PI  participated  in  the  2010  and  2011  ARO  HSAP  program  and 
recruited  4  outstanding  local  high  school  students  for  summer  research,  all  are  pursuing  careers  in  STEM  disciplines.  The 
project  has  also  supported  three  outstanding  undergraduate  researchers,  Logan  Wille,  Caleb  Christianson  and  Ben  Weitrub,  all 
are  in  physics/engineering  physics.  Logan  Wille  received  2012  Goldwater  scholarship,  Caleb  Christianson  is  the  recipient  of 
2012  Special  Student  Leadership  award,  NSF  STEM  scholarship  on  Nanotechnology  for  Renewable  Energy  in  both  201 1  and 
2012.  All  three  received  KU  undergraduate  research  awards  during  the  project  period. 

Topic  1-  CNT,  CNT/graphene  and  graphene  thin  film  IR  bolometers 

To  further  explore  the  mechanism  of  IR  response  and  confirm  the  bolometric  response  in  CNT  films,  a  systematic  study  of  IR 
response  at  different  incident  IR  spot  positions  was  started  and  interesting  preliminary  results  have  been  obtained.  The  IR  laser 
with  1.5  pm  wavelength  was  generated  by  an  IR  diode  and  carried  to  the  CNT  film  through  an  open  end  optical  fiber.  Since  the 
optical  fiber  core  diameter  is  only  about  10  pm,  which  is  much  smaller  than  the  CNT  film  dimension  of  normally  about  0.2-0. 3 
mm  between  two  adjacent  voltage  leads,  as  long  as  the  probe  is  brought  close  enough  to  the  CNT  film  surface  the  incident  IR 
spot  is  localized  to  a  certain  region  and  then  the  position  effect  can  be  measured.  The  preliminary  scan  results  at  the  same  bias 
currents  but  two  different  IR  power  levels  show  the  maximized  response  is  observed  at  the  position  close  to  the  center  of  CNT 
film  between  voltage  electrodes.  This  phenomenon  is  different  from  some  previous  reports  that  photoresponse  in  CNT  film  is 
maximized  at  film-electrode  interface  and  switches  polarity  when  IR  spot  is  moved  from  one  electrode  to  the  other,  which 
indicates  the  generation  of  photocurrent.  This  result  observed  in  our  experiment  is  consistent  with  the  bolometric  mechanism 
since  at  the  center  position  of  CNT  film  IR  induced  heat  is  maximized  and  the  thermal  dissipation  to  environment  is  minimized; 
when  IR  spot  is  moved  towards  to  electrode  the  thermal  conduction  to  environment  increases  due  to  the  closer  distance  to 
electrode  and  once  the  spot  is  moved  onto  electrode  the  response  is  minimized. 

Since  bolometric  response  has  been  confirmed  in  our  experiments  and  photocurrent  response  was  reported  by  other  groups  in 
CNT  films,  it  means  the  dominant  mechanism  varies  at  different  conditions.  We  suspect  the  film-electrode  contact  may  make 
big  difference  since  a  large  Schottky  potential,  if  exists,  will  contribute  a  lot  to  photocurrent  generation.  In  CNT  films,  the  pristine 
CNT  film-electrode  contact  may  not  be  good  Ohmic  contact  and  thermal  annealing  will  greatly  improve  it.  We  are  designing 
experiments  and  will  investigate  the  annealing  effect  using  this  kind  of  IR  scanning  method. 

One  of  the  more  recent  efforts  in  this  project  was  to  explore  photonic,  instead  of  bolometric  photoresponse  in  CNT  or  carbon 
nanostructured  IR  photodetectors.  A  novel  scheme  of  type-ll  heterojunctions  formed  at  the  interface  between  purified 
semiconducting  single-wall  CNT  and  conjugated  semiconducting  polymer  of  P3FIT  was  one  such  example.  Extraordinary 
photoresponse  has  been  obtained  in  the  S-SWCNT/P3FIT  nanohybrid  IR  detectors,  which  not  only  yield  the  best  so  far 
achieved  D*  in  exceeding  3.0^108  cm.Hzl/2/W  in  NIR  spectrum,  but  also  fast  photoresponse  time  of  <1  millisecond,  which 
does  not  seem  to  depend  on  the  thermal  link  of  the  detector  unit  with  the  environment.  The  external  quantum  efficiency  up  to 
86%  has  been  demonstrated.  This  result  is  first  demonstration  of  photonic  IR  detector  based  on  CNT  (all  previous  ones  are 
based  on  bolometric  effect)  and  opens  the  way  for  high-performance  photonic  CNT  IR  detectors  at  low  cost.  In  addition,  the 
method  is  scalable  to  large  arrays  of  the  IR  detectors. 


Another  new  direction  we  have  explored  is  graphene  or  graphene/CNT  composites  for  photo  detection.  Graphene  has  been 
very  attractive  for  electronics  applications  due  to  its  high  mobility  and  conductivity  (but  no  band  gap).  Also  graphene  and  CNT 
have  good  compatibility  since  they  are  both  carbon  based  materials.  Mixing  graphene  in  CNT  films  may  greatly  modify  the 
electrical  properties  of  a  CNT  film  due  to  the  good  conductivity  and  large  surface  area  of  graphene.  In  a  recent  work  by  mixing 
30%  graphene  flakes  (by  weight)  to  MWCNT  films,  about  an  order  of  magnitude  enhancement  of  photoresponsivity  and 
detectivity  D*  have  been  achieved  (a  manuscript  has  been  developed  and  will  be  submitted  soon).  It  has  been  discovered  that 
the  role  of  the  graphene  flakes  is  in  raising  the  IR  photoresponse  of  the  graphene/CNT  composites  via  formation  of  the 
Schottky  junctions  that  provide  local  exciton  dissociation  mechanism,  which  is  another  photonic  mechanism  for  IR  detection. 
This  observation  is  highly  interesting  and  important  to  development  of  high-performance,  low-cost  carbon  nanostructured  IR 
detectors  and  detector  arrays  using  self-assembly  methods.  In  addition,  we  have  made  photonic  and  plasmonic  graphene. 
Investigation  of  their  photoresponse  is  ongoing. 

Topic  2-Enhancing  Detectivity  D*  of  Individual  CNT  IR  photo  detector 

CNTs,  in  either  single-wall  (SWCNT)  or  multiwall  (MWCNT)  form,  show  outstanding  absorption  and  photoresponse  in  infrared 
(IR)  spectrum,  making  them  promising  candidates  for  IR  detector  applications.  Many  attempts  have  been  made  in  fabrication 
and  characterization  of  IR  detectors  by  employing  film  and  individual  CNTs  as  the  detection  elements.  Although  promising 
results  have  been  obtained,  the  figure-of-merit  detectivity  D*  of  the  CNT  IR  detectors  is  several  orders  of  magnitude  lower  than 
that  of  their  conventional  counterparts.  On  SWCNT  and  MWCNT  film  IR  detectors,  the  best  D*  is  4. 5^105  and  3.3^106 
cm<i,Hz1/2/W,  respectively.  These  D*  are  at  least  two  orders  of  magnitude  lower  than  that  of  108  cm^Hzl/2/W  in  the  uncooled 
vanadium  oxide  (VOx)  IR  bolometers.  Individual  CNT  IR  detectors  are  promising  to  achieving  higher  D*  by  removing  the 
intertube  junctions-obstacles  for  charge  transport  in  CNT  films,  but  little  has  been  reported  so  far  primarily  because  of  the  low 
IR  responsivity  on  individual  CNTs.  Further  improving  the  performance  of  CNT  IR  detectors  is  necessary  and  imperative  in 
order  to  make  them  competitive  for  practical  applications. 

We  have  explored  several  different  schemes  of  individual  MWCNT  IR  detectors.  One  is  bolometer  with  two  Ohmic  contacts 
(Pd)  on  a  MWCNT  sidewall).  Another  is  photo  detector  with  asymmetric  Schottky  contacts  (Ti/Au)  on  a  MWCNT.  One  of  the 
Schottky  contact  is  on  the  sidewall  and  the  other  covering  the  end  of  the  MWCNT  so  connection  to  all  inner  CNT  shells  is 
established.  No  detectable  photoresponse  on  the  individual  MWCNT  bolometer  was  obtained.  In  contrast,  high  detectivity  D* 
up  to  6.2<j,109  cm.Hzl/2/W  has  been  obtained  on  individual  MWCNT  IR  photodetectors  with  asymmetric  Schottky  contacts. 
While  more  systematic  studies  are  underway  to  pinpoint  the  mechanism  responsible  for  the  much  enhanced  Rl  obtained  on  the 
individual  MWCNT  with  asymmetric  Schottky  contacts,  we  argue  that  several  unique  features  combined  together  in  this  kind  of 
devices  may  contribute  directly  to  the  improved  performance.  First,  the  asymmetric  Schottky  contacts  with  one  connected  to  all 
inner  CNT  shells  may  provide  favorable  pathways  for  collecting  photocurrent  from  the  inner  shells.  Considering  all  inner  CNT 
shell  absorb  light  in  a  similar  way,  the  increase  of  the  photocurrent  could  be  proportional  to  the  number  of  inner  CNT  shells  up 
to  an  optimal  MWCNT  diameter  (or  number  of  inner  shells)  based  on  light  absorption,  which  is  on  the  order  of  50-100  nm.  On 
the  other  hand,  the  Schottky  contacts  have  much  reduced  thermal  link  as  compared  to  the  Ohmic  ones  typically  used  for  the 
Schottky  devices.  This  may  result  in  considerably  enhanced  detector  element  temperature  exceeding  the  exciton  binding 
energy  and  consequently  lead  to  thermally  assisted  generation  of  photocurrent. 

Moreover,  we  are  working  on  transferring  the  photoresponse  scan  measurement  used  on  CNT  films  to  individual  CNTs  and 
measure  the  two  dimensional  response  maps.  The  near-field  scanning  microscope  technique  can  be  applied  onto  individual 
CNTs  as  long  as  very  sharp  fiber  tip  can  be  obtained.  We  have  successfully  pulled  optical  fiber  with  cladding  diameter  around 
100  pm  into  sharp  tip  with  tip  diameter  of  i  0.1  pm.  We’re  now  working  on  coating  metal  onto  the  sidewall  and  make  very  small 
aperture  on  the  tip  end  for  the  near  field  scanning  measurements. 
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